Abstract Interaction between synoptic eddy and lowfrequency flow (SELF) has been the subject of many studies. In this study, we further examine the interaction by introducing a transformed eddy-potential-vorticity (TEPV) flux that is obtained from eddy-potential-vorticity flux through a quasi-geostrophic potential-vorticity inversion. The main advantage of using the TEPV flux is that it combines the effects of the eddy-vorticity and heat fluxes into the net acceleration of the low-frequency flow in such a way that the TEPV flux tends to be analogous to the eddy-vorticity fluxes in the barotropic framework. We show that the anomalous TEPV fluxes are preferentially directed to the left-hand side of the low-frequency flow in all vertical levels throughout the troposphere for monthly flow anomalies and for climate modes such as the Arctic Oscillation (AO). Furthermore, this left-hand preference of the TEPV flux direction is a convenient three-dimensional indicator of the positive reinforcement of the lowfrequency flow by net eddy-induced acceleration. By projecting the eddy-induced net accelerations onto the lowfrequency flow anomalies, we estimate the eddy-induced growth rates for the low frequency flow anomalies. This positive eddy-induced growth rate is larger (smaller) in the lower (upper) troposphere. The stronger positive eddy feedback in the lower troposphere may play an important role in maintaining an equivalent barotropic structure of the low-frequency atmospheric flow by balancing some of the strong damping effect of surface friction.
Introduction
In his seminal study, Lau (1988) showed high covariations among the anomalies in the monthly-mean circulation and the variance fields of the high-frequency synoptic eddy flows and thus suggested a positive feedback between synoptic eddy and low-frequency flow (SELF). A significant number of studies have further demonstrated that this positive SELF feedback plays an important role in generating the prevailing low-frequency patterns and in maintaining low-frequency variability in the extratropical atmospheric circulations (e.g. Cai and Mak 1990; Nakamura and Wallace 1990; Lau and Nath 1991; Cai and van den Dool 1991; Robinson 1991a Robinson , b, 2000 Qin and Robinson 1992; Branstator 1992 Branstator , 1995 Barcilon 1992a, b, 1995; Ting and Lau 1993; Lee and Feldstein 1996; Hartmann 1999, 2000; Kimoto et al. 2001; In an effort to better understand the dynamics of the SELF feedback, Jin et al. (2006a, b) and Pan et al. (2006) formulated a linear dynamic SELF closure that relates the monthly-mean anomalies in the synoptic eddy forcing to anomalous monthly-mean flow. Kug and Jin (2009) further suggested that the anomalous vectors of monthlymean eddy-vorticity fluxes are organized by anomalous monthly-mean flow such that the former are preferentially directed to the left direction of the latter. This so-called ''left-hand rule'' relationship between anomalous eddy forcing and mean flow is a convenient diagnostic indicator of the positive SELF feedback. Meanwhile, Ren et al. (2009) delineated a simple kinematic mechanism for synoptic eddy structure changes systematically induced by the low-frequency flow and demonstrated that this mechanism is largely responsible for the preferred relationship between anomalous mean flow and eddy-vorticity flux. Kug et al. (2010, denoted as K10) further showed that the eddy-temperature/heat and moisture fluxes tend to be directed towards the left-hand side of the low-frequency flow in the northern hemisphere, indicating that anomalies in the synoptic eddy transports are all systematically organized by the low-frequency flow. However, how to understand such a relationship between anomalies in mean-flow and eddy-flux fields in terms of the SELF feedback still remains unclear. In particular, under the constraints of the hydrostatic and geostrophic balances, the eddy-vorticity and heat flux anomalies actually result in vertically distributed accelerations of the mean flow anomalies through secondary circulations. For instance, an eddy-vorticity forcing in the upper troposphere exerts a vertically distributed acceleration spreading downwards and generates an anomalous mean flow with a significant barotropic component (Robinson 2000) . An eddy-heat forcing in the lower troposphere tends to generate a vertically distributed acceleration with opposite signs at lower and upper levels (Lau and Nath 1991) . Therefore, Lau and Holopainen (1984) and Lau and Nath (1991) used the three-dimensional quasi-geostrophic PV equation to diagnose the net accelerations of mean flow anomalies due to transient synoptic eddy-vorticity and heat flux forcing. Motivated by these earlier studies, we introduce a transformed eddy-PV (TEPV) flux to diagnose the combined effect of the eddy-vorticity and the eddy-heat fluxes on the low-frequency flow. We will show that the anomalous TEPV fluxes are preferentially directed to the left-hand side of the low-frequency flow in all vertical levels throughout the troposphere. This preferred relationship between the anomalous TEPV flux and the mean flow anomalies can be taken as a direct measure of the positive SELF feedback. Thus, the TEPV fluxes can be used as a convenient diagnostic tool for examining the role of the eddy-vorticity and heat fluxes consistently in term of their contributions to the acceleration and deceleration of the low-frequency flow.
This paper is organized as follows: Sect. 2 gives a brief introduction of the data and method. In Sect. 3, we examine vertical distributions of eddy-vorticity, heat and PV fluxes and their relationships to mean flow anomalies. We introduce the TEPV flux and examine its relationship with mean flow anomalies in Sect. 4. We further examine the eddyinduced growth of the low-frequency flow in Sect. 5. Summary and discussion are given in Sect. 6.
Data and method
In this study, National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/ NCAR) reanalysis data are used to calculate the monthly and daily mean 30-year datasets of the period from January 1978 to February 2008 (Kalnay et al. 1996) . The variables used here are geopotential height (GH), potential temperature (PT), zonal and meridional winds, where PT is derived from temperature. The examined vertical pressure levels are 1, 000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100 hPa. The stream function and vorticity fields are calculated from zonal and meridional winds at the 12 pressure levels. Quasi-geostrophic PV is expressed as
where f, U and q denote the relative vorticity, GH and quasi-geostrophic PV, respectively, f the Coriolis parameter, r ¼ Àða=hÞðoh=opÞ; the extratropical hemispheric averaged static stability parameter, h the potential temperature, and a the specific volume.
To separate the synoptic-eddy component, the daily mean zonal and meridional winds, the streamfunction, the vorticity, the GH, the PT and the quasi-geostrophic PV are band-pass filtered using a 2-8 day LANCZOS filter (using 41 weights, Duchon 1979) . The focus of this study is on the anomalous eddy fluxes. The low-frequency variability in this paper is defined as the monthly or the seasonal mean anomalies. To measure synoptic-eddy feedback for lowfrequency flow anomalies, the eddy-PV and the eddy-vorticity as well as the eddy-heat fluxes, and the eddy induced tendencies through these flux-divergences are defined as follows:
where V 0 , u 0 , v 0 , q 0 , f 0 and h 0 denote the band-pass filtered wind vector, zonal wind, meridional wind, quasi-geostrophic PV, relative vorticity and PT. ðÞ and ðÞ a denote monthly-mean climatology and anomalies, respectively, where the latter is defined as the deviation from the climatological mean at each month. r Á () is the horizontal divergence operator. ðÞ ed represents eddy-forcing-induced tendency corresponding to the variable inside the parenthesis. We here adopt an approximation for estimating the eddy-PV forcing term Àr Á F * PV . This approximation is derived in ''Appendix''.
Because only the irrotational component of the eddy flux contributes to the acceleration of the low-frequency flow, we filter out the rotational component by conducting a Laplacian inversion:
where D (or r 2 ) is Laplacian operator, D Wallace 1998, 2000) is obtained from the webpage of the Climate Prediction Center/NCEP (National Centers for Environmental Prediction) (http://www.cpc. ncep.noaa.gov/data/teledoc/telecontents.shtml). This index is constructed by projecting the monthly mean 1,000-hPa GH anomalies obtained from the NCEP/NCAR (National Center for Atmospheric Research) reanalysis data over the region of 20°N-90°N for the period from January 1950 to December 2000, onto the leading EOF mode over extratropic northern hemisphere (NH). The monthly AO index of the major climatic mode is normalized for the period examined.
3 Left-hand directing eddy fluxes and positive eddy feedback
It was demonstrated in Kug and Jin (2009) and K10 that synoptic eddy-vorticity and heat fluxes are preferentially directed towards the left of low-frequency flow. An example of this left-hand directing preference of the eddy fluxes is shown for the case of the AO in Fig. 1a , b. It can be seen clearly that eddy-vorticity and heat fluxes tend to diverge from southern center of the AO and converge to northern action center, consistent with the finding in K10.
As shown in Fig. 1a , c, the eddy-vorticity fluxes are strong at upper levels. The eddy-vorticity transport is down-gradient (up-gradient) of anomalous mean geopotential height (vorticity). Namely, the transport of eddy vorticity is from negative (positive) to positive (negative) anomalous mean vorticity (geopotential height) regions. This eddy-vorticity feedback, in terms of geopotential height tendency induced by the eddy-vorticity fluxes at each individual level, tends to positively reinforce the lowfrequency flow anomalies. The eddy feedback under this measure appears to be strong aloft as shown in Fig. 1c .
The eddy-heat flux and its convergence (or eddyinduced heating in terms of the temperature tendency, v HEAT 2 ) are shown in Fig. 1b, d , respectively. Compared with Fig. 1a , the eddy-heat fluxes in Fig. 1b show a quasiuniform vertical structure. With respect to the anomalous mean flow at each level, the anomalous eddy-heat fluxes are preferentially directed to the left-hand side. The eddyheat fluxes' convergence (divergence) gives rise to a warming (cooling) tendency over the high-latitude (midlatitude) action center of the AO flow pattern, as shown in Fig. 1d . This eddy-heat flux is known to be down-gradient of the anomalous time-mean temperature field (e.g. Lau and Wallace 1979) , which works to damp the temperature anomalies associated with the AO and thus to weaken the vertical shear.
To understand the feedback of the eddy-heat flux onto the low-frequency flow variability, one may consider the secondary circulation or PV-inversion as in previous studies. For instance, Lau and Nath (1991) summarized the dynamical processes that the eddy-heat fluxes induce the geopotential height tendency and secondary circulation in their Fig. 1a . For our case, the eddy-heating pattern shown in Fig. 1d will lead to a secondary circulation with upward (downward) motion over the northern (southern) center of the AO. Thus, the warming induced by the eddy-heat flux over the northern center of the AO generates the divergence (convergence) of the low-frequency flow in the upper (lower) troposphere. This vorticity tendency induced by the eddy-heat flux forcing tends to reduce (increase) the positive vorticity anomalies in the upper (lower) troposphere over the northern center of the AO. In a similar manner, over the southern center with a negative mean vorticity anomaly, the stretched vorticity induced by eddyheat forcing has a positive (negative) tendency in the upper (lower) troposphere. As a result, such an eddy-heat feedback contributes to weaken (strengthen) the AO flow in the upper (lower) troposphere.
Despite that both the eddy-vorticity and heat fluxes tend to be preferentially directed to the left of the anomalous low-frequency flow, their feedbacks onto the lowfrequency flow are characterized by quite distinct vertical distributions. The eddy-vorticity fluxes primarily work to generate the eddy-vorticity forcing to positively feed back onto the low-frequency flow at upper levels. In contrast, the eddy-heat fluxes generate a thermal-wind acceleration that partly cancels the positive feedback of the eddy-vorticity flux aloft and enhances the same positive feedback at lower levels.
The convergence of the eddy-PV flux, which combines effects of the eddy vorticity and heat flux, is known to lead to the acceleration of the mean flow (e.g. Edmon et al. 1980; Robinson 2006) . Naturally, one should use the eddy-PV flux to directly infer the integrated effect of the eddy-vorticity and heat flux onto the low-frequency flow. The irrotational eddy-PV flux can be written as follows:
An example of the eddy-PV flux and low-frequency flow patterns associated with the AO mode is shown in Fig. 2 . Clearly seen in Fig. 2a , c, the left-hand preference, in terms of the eddy-PV fluxes and flow anomalies, appears only over limited areas in the lower and upper-tropospheric eddy-PV fluxes. However, the eddy-PV fluxes in the midtroposphere shown in Fig. 2b tend to be directed to the right side of low-frequency flow, opposite to other levels, which can be also seen in Fig. 2d . Overall, unlike eddyvorticity and eddy-heat fluxes, eddy-PV fluxes are not systematically directed to the left of anomalous flow at all vertical levels. This is understandable in the sense that the eddy-PV flux convergence generates PV tendency, not geopotential height tendency. One has to invert this eddy-PV forcing in terms of geopotential height tendency in ) and their divergence (shade, unit:
). b The same as a except the vector is for eddy heat flux (unit:
). c Monthly-mean vorticity anomalies (shade, unit: 0.5 9 10 -6 s -1
) and geopotential height tendencies (1 9 10 -5 gpm/s) induced by eddy-vorticity fluxes. order to infer directly its acceleration for the low-frequency flow. Therefore, in the next section, we propose a transformed eddy-PV flux which is a more convenient diagnostic tool for examining the effects of eddy fluxes on the acceleration of the mean flow anomalies.
TEPV flux and acceleration of low-frequency flow

Transformed eddy-potential-vorticity flux
To combine the effects of the eddy-vorticity and heat fluxes on the mean flow anomalies, we will examine the eddy-PV forcing by employing the partial quasi-geostrophic PV equation (Lau and Holopainen 1984) as follows:
where,
operator, we obtain the eddy-PV flux induced geopotential tendency as follows:
We further introduce a transformed eddy-PV (denoted as TEPV) flux as
Here, the TEPV is related to the eddy-PV flux through a linear transform operator
It is also a gradient vector of the geopotential tendency induced by the eddy forcing.
Since the TEPV flux is a horizontal gradient vector, the zonal mean of its zonal component is zero. The zonal mean of its meridional component is related to the convergence of classic E-P vector. Specifically, the zonal mean of meridional eddy quasi-geostrophic PV flux is equal to the convergence of E-P flux. Thus, it can be shown that the zonal mean of the meridional TEPV flux is equal
Here, C EP denotes the convergence of the classic E-P vector. Only to this extent, the TEPV flux can be considered as an alternative of the E-P (a) ), a for 300 hPa, b for 500 hPa, and c for 850 hPa. d The corresponding zonal-mean vertical cross sections of geopotential height anomalies and eddy-PV flux vector flux in diagnosing acceleration or deceleration of zonalmean flow by eddy forcing. The extension of the E-P flux vector for diagnosing eddy and nonzonal mean flow interaction is complicated (e.g. Plumb 1986 Plumb , 1990 , the link between the TEPV flux with the so-called generalized E-P flux proposed by Plumb (1986) becomes not so straightforward because the later does not fully capture the eddy forcing anymore. However, the TEPV flux proposed here serves as a convenient diagnostic tool to directly illustrate eddy-induced acceleration or deceleration for low-frequency flow.
This TEPV-flux vector serves as the net acceleration of the low-frequency flow, which becomes clear when we write the geopotential tendency into a velocity vector tendency by applying the operator k *^r on both sides of Eq. 5 as follows:
where, V
Due to the definition in Eq. 5, the TEPV flux is naturally perpendicular to the mean-wind acceleration induced by the eddy-PV flux.
To better understand the meaning of the TEPV flux, we may consider a special case by taking r = ? in Eq. 4, which actually can be considered as the barotropic limit. : Consequently, the PV tendency equation (Eq. 4) becomes the vorticity tendency equation:
and the eddy-vorticity flux induced geopotential tendency is
In this case, the TEPV flux becomes the irrotational eddyvorticity flux
Thus, similar to Eq. 7, we can obtain
Clearly, the relationships expressed in Eqs. 7 and 11 are similar. If we only consider barotropic case, the TEPV flux will be automatically reduced into the irrotational eddyvorticity flux. The TEPV flux is thus an eddy-induced acceleration vector in the quasi-geostrophic PV framework.
Using the definition of the TEPV flux in Eq. 5, we can further have Here again, we first take the AO as an example to illustrate the left-hand preference in terms of the TEPV flux direction. Figure 3a presents the GH tendency induced by the eddy-PV forcing at all levels. It is clearly seen that the positive tendency is located over low and middle latitudes, and the negative is over middle and high latitudes, where their latitudinal centers are at about 40°N and 80°N, respectively. The distribution of GH tendency in the vertical has an equivalent barotropic structure in the entire troposphere. The eddy-PV-induced tendency pattern is largely in-phase with that of the low-frequency GH pattern associated with the AO, shown in Fig. 3b , indicating a positive eddy feedback.
Also, we find in Fig. 3a that there are two mid-latitude positive tendency centers one at upper levels and the other near the surface, which are proportional to the divergence of the AO-associated zonal-mean TEPV fluxes shown in Fig. 3b . The TEPV fluxes show a strong preference for the left-hand direction relative to the mean flow anomalies in the entire troposphere. Two maxima in the TEPV fluxes exist, at upper levels and near the surface, at about 60°N. The former is related to the strongest eddy-vorticity forcing and the latter is owed to the eddy-heat forcing.
The horizontal patterns of the eddy-induced GH tendency and TEPV fluxes at 300 and 850 hPa levels are shown in Fig. 4 . As seen in Fig. 4a , c, the tendency patterns exhibit two annular action belts over the mid-latitude and north polar regions, respectively, which resembles the AO-associated low-frequency flow patterns shown in Fig. 4b, d . These in-phase relationships between the eddy forcing and low-frequency flow represents a positive feedback onto the AO-associated flow. As shown in Fig. 4b, d , the left-hand preference in terms of the eddy flux direction is clearly at work and the TEPV fluxes are directed toward the left-hand side of the AO-associated monthly-mean flow at both levels. The anomalous TEPV fluxes diverge from the anticyclonic flow regions in the middle latitudes and converge into the cyclonic flow regions in the high latitudes. These features are more robust at 850 hPa level than 300 hPa level, in contrast to those of the eddy-vorticity fluxes shown in K10. Figure 5 further shows the eddy feedback using the TEPV fluxes in the boreal spring, summer and autumn. The seasonality in eddy-flux patterns associated with the AO is clear and almost follows the seasonality of their corresponding GH patterns, where the most robust amplitude appears in boreal winter. Although the TEPV fluxes in cold seasons have larger magnitude than those in warm seasons, the left-hand preference in terms of the eddy flux direction is still clear in the boreal summer, indicating that the eddy-PV feedback may play some role in maintaining the AOassociated flow.
K10 examined the left-hand preference in the directions of the eddy-vorticity, temperature and moisture fluxes except the flux related to the eddy PV, relative to the low-frequency flow. Following their diagnostic approach, we further examine the relationship between the TEPV fluxes and the zonal (meridional) low-frequency winds. As seen in the left panels of Fig. 6 , the zonal wind of the low-frequency flow is positively correlated with the meridional TEPV flux over most mid and high-latitude areas of the NH at different levels. Such a positive correlation means that a westerly (easterly) wind anomaly is related to an anomalous northward (southward) TEPV flux, indicating that the TEPV fluxes are mostly directed to the left-hand side of the lowfrequency flow. Particularly, the correlations larger than 0.6 are located mostly in the two major storm track regions over the north Pacific and Atlantic oceans. Slightly weaker ) (right panels) at 300 hPa (upper panels) and 850 hPa (lower panels) during boreal winter (DJF) correlations are distributed over the Eurasian and North American continents where synoptic eddy activity is weaker.
The low-frequency meridional wind is negatively correlated with the zonal TEPV flux as shown in the right panels of Fig. 6 . Such a negative correlation means that northerly (southerly) wind leads to eastward (westward) TEPV flux, also indicating that the TEPV flux is mostly to the left side of the low-frequency flow. The entire extratropic NH is mostly covered by negative correlations at all levels. The correlation is also higher over the major storm track regions.
It is interesting that these correlations tend to decrease with height. In fact, the relatively high correlation is located at lower levels, though the patterns of the correlation are quite similar between upper and lower levels. This is in contrast with the results shown in Fig. 1 of K10 where the correlation between eddy fluxes and anomalous flow is relatively strong in the upper troposphere and weak in the lower troposphere. The reason for this difference between our results and those of K10 comes from the fact that the TEPV flux consists of the combined effects of the eddy-vorticity and heat fluxes on the anomalous flow. The positive feedback onto the low-frequency flow induced by the eddy-vorticity forcing is enhanced by the eddy-heat forcing in the lower troposphere, whereas the eddy-heat forcing tends to partially cancel the eddy-vorticity forcing in the upper troposphere as noted by Lau and Nath (1991) . The results in Fig. 7 further indicate the weak seasonality in the left-hand preference of the TEPV fluxes. It is clear that the significant correlation exists over most of the extratropic NH for all seasons, indicating that the eddy feedback is positive at all seasons. In particular, high correlation coefficients appear not only over the two major storm track regions, but also over most continent areas in both panels of Fig. 7 . However, it should be noted that the strength of the positive eddy feedback does depends on season because synoptic eddy activity is known to be much weaker in summer than in winter. This is clearly seen in Fig. 5 and also is demonstrated in theoretical analysis by Jin (2010).
Compared with those in Fig. 2 of K10 , the overall correlation associated with the TEPV flux at lower level is much higher than that associated with the eddy-vorticity flux at upper level, indicating that the left-hand preference for the TEPV flux works more vigorously in the lower troposphere. Moreover, the pattern of correlation between the TEPV fluxes and zonal wind is characterized by a clear zonal symmetric structure similar to the AO pattern, reflecting the linkage of the left-hand directing TEPV flux with the leading climatic mode. Similar to K10, we also see high correlation over the East-Asian monsoon region during summertime, which presumably reflects synoptic-eddy forcing to maintain low-frequency monsoonal flow associated with monsoonal storm variability. Also, we examine the seasonality of this left-hand preference at 300 and 500 hPa levels (not shown), and many features similar to that in Fig. 7 can be seen except with reduced correlations.
Following K10, we calculate the averaged local angles between the anomalous vector fields at each grid point for every month. This angle, with a range from -180°to 180°, is positive (negative) when the TEPV fluxes are directed to the left (right) side of the low-frequency flow. Based on the 30-year monthly-mean angle dataset, an empirical probability for positive angles (0-180°) is locally estimated at every grid point by counting the percentage of the positiveangle samples in total samples for each season. The probability of 50% means a random relationship between the two vectors. If the probability is more (less) than 50%, it indicates that the TEPV fluxes are preferentially directed to the left (right) of the mean flow anomalies.
As shown in Fig. 8 , the probability over most extratropic NH in the troposphere is more than 50% in all month and seasonal cases, confirming that the left-hand preference in terms of the TEPV flux direction is at work. The seasonality of probability distributions is shown in Fig. 8 . It seems that the local maximum of the probability appears in the SON season, whereas the probability in the boreal summer is relatively low and located poleward as the storm tracks retreat polewards. The maxima of the probability in all four seasons are located in the lower troposphere, whereas the probability is relatively low in the upper troposphere. It is also seen that the probability is high over the major storm tracks and their downstream regions, in the north Pacific and Atlantic sectors, with centers of more than 75% probability. Evidently, these distribution patterns of the probability are quite consistent with those of the high correlation shown in Figs. 6 and 7.
We further estimate the probability density function (PDF) of this angle over NH (30°N-80°N) during 30 years as seen in Fig. 9 , where the angles are classified into 36 groups with 10°interval. The maximum PDF appears at 90°a ngle and the minimum one is at about -60°for all months and seasons, where the former is about 2-3 factors greater 6, 7, 8, 9 demonstrates that the anomalous TEPV fluxes are preferentially directed to the left-hand side of the low-frequency flow favoring a perpendicular direction to the low-frequency flow, which indicates a positive eddy-PV feedback.
Eddy-induced growth of low-frequency flow
The evidence that the anomalous TEPV fluxes tend to be directed to the left of the low-frequency flow essentially indicates a positive feedback of the eddy-PV forcing onto the mean flow anomalies, which is similar to the argument of the eddy-vorticity forcing proposed by K10. Here, we further quantify the positive feedback by considering an empirical eddy-induced growth of the low-frequency flow due to eddy forcing. The close relationship between anomalies in monthlymean eddy flux and flow is consistent with theoretical finding that a large part of eddy forcing can be expressed by the flow anomalies through a dynamical derived closure operator as shown in Jin et al. (2006a) . Recently, Jin (2010) further proposed an eddy-induced instability based the closure and derived a theoretical eddy-induced growth rate. Motivated by evidence of positive eddy feedback as indicated by TEPV flux and by the theoretical analysis, we here propose an empirical measure of the eddy-induced growth rate for the low-frequency flow anomalies.
The simple relation between the eddy-vorticity forcing and the low-frequency is assumed as
where k 2 is a linear coefficient that represents the bulk growth rate ([0) or damping rate (\0), reflecting the positive or negative feedback, R 2 is the residual term, representing the remainder of the eddy forcing. Taking 
It can be easily seen that if the residual term is small,
is directed to the left of the mean wind anomalies when k 2 is positive. Thus, a left-hand preference in terms of the eddy-vorticity flux direction is an indication of a positive eddy-vorticity feedback.
Similarly, we assume:
and then obtain
where k 3 represents the growth rate ([0) or damping rate (\0) induced by the three-dimensional eddy feedback.
It can be easily seen in Eq. 16 that F * TEPV tends to be directed toward the left side of mean wind anomalies when k 3 is positive. This indicates that the TEPV fluxes prefer the left-hand direction when the eddy feedback is positive.
To assess the eddy-induced growth rate for the lowfrequency flow, as expressed in Eqs. 13 and 15, we adopt an empirical method as follows:
where j = 2, 3 denotes the eddy-vorticity and PV feedback cases, respectively. v 2 , v 3 are the streamfunction tendency (v VORT 2 , v PV 3 ) induced by the eddy-vorticity and -PV forcings. The domain of horizontal integration (S) here is specified over the annular mid and high-latitude areas (0°E-360°E, 30°N-70°N). We here apply Eq. 17 at each level to estimate the growth rate k 2 and k 3 for the eddyvorticity and PV feedbacks, respectively.
The vertical distributions of the all-month-averaged empirical eddy-induced growth rate for the NH extra-tropics are shown in Fig. 10 . Both of the growth rate profiles in Fig. 10 are clearly positive at all levels, indicating that the low-frequency variability has a positive eddy-induced growth in the entire troposphere. This positive growth is consistent with the fact that the eddy-vorticity and TEPV flux follows the left-hand directing preference. This eddyinduced growth rate has an e-folding timescale on the order of 10-30 days, consistent with the earlier finding of Lau (1988) . We can see a clear decrease of the eddy-PV induced growth rate with height increasing in Fig. 10 , attributed to the fact that there are the increasing mean geopotential height anomalies with height increasing shown in Fig. 3b and the equivalent barotropic structure of the eddy-PV-induced tendency shown in Fig. 3a . Such a vertical distribution of the eddy-PV induced growth rate is essentially due to the offset effect from the eddy-heat feedback, which tends to be negative (positive) at the upper (lower) levels.
The vertically-integrated k 2 and k 3 for all months is shown in Fig. 11 . Since the observed low-frequency flow predominantly has an equivalent barotropic structure, there is a good relationship between the vertically-averaged growth rates induced by the eddy-vorticity and the eddy- PV forcing. Evidently, the eddy-induced growth rates are nearly all positive for each month, confirming the positive eddy feedback onto the low-frequency flow. Also, the order of magnitude of the growth rate is similar to that derived analytically in Jin (2010) . There is a very high correlation (0.85) between the two growth rates, reflecting that the eddy-PV feedback is closely linked with the eddy-vorticity feedback. Also, we can seen that k 3 is generally greater than k 2 , which implies two things: (1) The eddy-vorticity forcing plays a dominant role in the eddy-PV forcing; (2) There is a net contribution of the eddy-heat forcing to the positive feedback onto the mean flow anomalies. Previous studies (e.g. Lau and Nath 1991) showed that the eddy-heat forcing tend to exert a differential acceleration in the upper and lower troposphere, which damps the vertical shear component of the low-frequency flow. Thus, further studies are needed to understand the potential contribution to the positive eddy feedback by the eddy-heat flux.
Summary and discussion
In this study, we examined the positive feedback of transient synoptic eddies onto the low-frequency flow by deriving a transformed eddy-PV (TEPV) flux. This TEPV flux can depict a direct relationship between the eddyinduced acceleration of the low-frequency wind and the eddy-PV flux. Similar to the eddy-vorticity flux, the TEPV fluxes are preferentially directed toward the left-hand side of the low-frequency flow. As a result, the TEPV fluxes converge into cyclonic flow regions and diverge from anticyclonic flow regions, serving to enhance both cyclonic and anticyclonic low-frequency flow. Therefore, the TEPV flux, capturing the total effects of the eddy-vorticity and heat fluxes on the low-frequency flow, serves as a simple diagnostic tool to examine the acceleration and deceleration of the low-frequency flow by eddy forcing.
We further examined the eddy-induced growth of the low-frequency flow by defining an empirical growth rate. The large positive distribution of the growth rate induced by the eddy-vorticity fluxes at upper levels is partly cancelled by the effect from the eddy-heat fluxes. The net growth rate still remains positive in the upper troposphere. In the low-level troposphere, the growth rates resulting from both the eddy-vorticity and heat feedbacks are positive and thus give a significant eddy-induced growth for the low-frequency flow.
The positive eddy feedback onto the low-frequency flow is schematically summarized in Fig. 12 . The eddy-vorticity, eddy-heat and TEPV fluxes all direct to the left-hand of the flow and then converge into the anomalous cyclonic circulation in the entire troposphere. The positive eddyvorticity feedback is indicated by stronger (weaker) fluxes directed to the left of the low-frequency flow in the upper (lower) troposphere. The convergence of eddy-heat fluxes contributes to an upward secondary circulation and thus a cancellation (reinforcement) of the positive eddy feedback in the upper (lower) troposphere. The TEPV fluxes, which represent the combined effect of the eddy-vorticity and heat fluxes, are directed to the left-hand side of the lowfrequency flow at all levels, reflecting the positive eddy-PV feedback onto the low-frequency flow. The strong eddyinduced net positive feedback at lower levels is perhaps vital to balance the strong surface damping and thus to maintain an equivalent barotropic structure for the lowfrequency atmospheric variability. Thus, the TEPV flux is a useful three-dimensional indicator to diagnose the net acceleration onto the mean anomalous flow from the eddyvorticity and eddy-heat fluxes.
How synoptic eddies are systematically organized by the low-frequency flow such that the TEPV fluxes are altered to give rise to a positive feedback to the lowfrequency flow still remains a question to be further explored. Recently, Ren et al. (2009) Fig. 12 Schematic illustration for the SELF feedback processes related to the eddy-vorticity flux (left panels), eddy-heat flux (middle panels) and TEPV flux (right panels) in the upper troposphere (top panels) and lower (bottom panels) troposphere. Black solid circles with clockwise arrows indicate anomalous cyclonic circulation (such as the north action center of the AO). Shaded areas denote the eddyinduced geopotential height tendency of negative (light gray) and positive (dark gray) signs, where the size of areas indicates the strength of the tendency. Due to the cyclonic circulation, the negative (positive) geopotential height tendencies induced by eddy fluxes reflect the positive (negative) eddy feedback kinematic mechanism to explain horizontal changes in the eddy structure induced by low-frequency flow to explain the eddy-feedback owing to eddy-vorticity forcing. An extension of this study to consider how threedimensional structures of synoptic eddies are deformed to yield the left-hand directing eddy-heat fluxes may provide further insights into how the anomalous TEPV fluxes are organized to cause a positive feedback. CATER_2010-2209. The authors especially express their thanks to A. F. Z. Levine for his careful proof-reading and revising.
Appendix: 3-D Laplacian inversion for the PV equation with eddy-PV forcing
To examine the contributions of transient synoptic eddy-PV forcing to the low-frequency flow by combining the eddy-vorticity and heat feedback, we adopt the approach outlined by Lau and Holopainen (1984) . To obtain the eddy-induced geopotential tendency, we need to solve the simplified 3-D quasi-geostrophic PV equation
where the eddy-PV forcing is D PV ¼ Àr Á F * PV
: In this study, D PV are not estimated by the explicit function of q in Eq. 1, but alternatively by approximate scheme as follows
where" S ¼ Àoh=op, taken as the extratropical hemispheric average by using a climatological monthly mean h. Following the approach of Lau and Holopainen (1984) , the upper and lower boundary conditions are set at 1,000 and 100 mb, respectively, such that ðoU a =otÞ ed is specified by the following thermo-dynamical equation 
where p 0 ¼ 1; 000 mb, R is the gas constant, C p the heat capacity at constant pressure.
Equations 18-20 are solved in a procedure as follows:
1. This equation is first rewritten in terms of spectral coefficients based on the Fourier extension in the longitudinal direction. The number of zonal harmonic components is truncated to 71 (= 144/2 -1), where 144 is the number of zonal grid points in data. Then, the eddy-PV forcing D PV at all levels, the eddy-heat forcing Àr Á V * 0 h 0 at the upper and lower boundaries, and the associated geopotential tendency ðoU a =otÞ ed are transformed into Fourier coefficients from grid point data. 2. The 143 sets of equations (one for the zonal mean, and two for each of the first 71 wave-numbers) are formed, where every set consists of a separable elliptic equation with latitude and pressure as independent variables, and the boundary conditions (20) at the upper and lower boundaries. For each set of equations, the finite difference scheme is used for discretization in latitude and pressure. 3. The horizontal domain for the inversion is northern hemisphere, where the 2-D Laplacian operator is expressed in spherical coordinates and the dimensionality in the latitudinal direction is specified as 37 extending from 0°N to 90°N. The boundary conditions at the equator and north pole are assumed to be ðoU a =otÞ ed ¼ 0 and oðoU a =otÞ ed =oy ¼ 0; respectively.
The vertical domain covers the entire troposphere spanning from 1,000 to 100 hPa with 12 degrees of freedom at standard pressure levels. The Coriolis parameter f is allowed to vary with latitude and the static stability parameter r is the function of pressure only. The inverted fields of eddy-induced tendency and its gradient vector or the so-called irrotational flux are unique under these set boundary conditions. The result is insensitive to the horizontal boundary conditions and inversion in the global or hemispheric domain is the same for the QG inversion. The inversion, however, does depend how to set vertical boundary condition. We chose to adopt the reasonable approach primarily following the calculation procedure designed by Lau and Holopainen (1984) by using the same vertical boundary condition derived from a simplified thermodynamical equation. 4. The solved geopotential tendency is finally assembled by summation of the solutions for individual harmonic components for each month in the selected 30 years. Based on the geopotential tendency dataset, we can further estimate the transformed eddy-PV flux and stream function tendency.
